INTRODUCTION
Plants-defined here as the monophyletic Phylum Embryophyta composed of bryophytes and vascular plants-achieved multicellularity independently of animals and fungi. Plant bodies typically exhibit both apical-basal and radial symmetry, and are able to detect and respond to gravity vectors. Insight into the origin and early evolution of plant body symmetry and gravity responses can be obtained by comparing early-divergent embryophytes-bryophytes-with the modern green algae closest to plant ancestry-charophyceans. The comparative approach suggests that basal-apical and radial symmetry and gravity response capabilities were established prior to colonization of land and may have contributed to the success of early plants on land. Mapping traits related to body symmetry and gravity responses onto increasingly more robust phylogenies helps to elucidate the order and mechanism of trait appearances, suggesting model taxa whose further study is likely to prove most illuminating. For example, among charophycean algae Zygnematales exhibit form and behavior that may reflect mechanisms underlying symmetry and growth polarities typical of Coleochaetales and Charales (which are more closely related to plant ancestry) and embryophytes. Molecular, biochemical, and cell-level approaches applied within a phylogenetic context provide powerful tools for understanding early events in the evolutionary origin of plant body symmetry and gravity responses. For example, molecular analyses have revealed that early divergent plants possess homologs of KNOX-like plant transcriptional regulators. The study of possible charophycean homologs is expected to yield additional information about the evolution of plant-specific developmental regulation.
Body symmetry is among the intriguing ways that plants differ from other organisms. Plants typically exhibit both apical-basal symmetry (also known as longitudinal or translational symmetry) and radial symmetry (also known as rotational or transectional symmetry) (Hudson, 2000) . For example, leaves and other lateral organs typically originate from the tips of plant shoots, and they do so in spiral, circular, or other radial patterns that are apparent to even the most casual observer. Both plants and animals (including early divergent metazoans) possess apical-basal organization, but the typical radial symmetry of plant bodies departs dramatically from the bilateral symmetry characteristic of most animals. What is the evolutionary basis for this difference?
A related issue is the origin of plant responses to Earth's gravitational field. The algal ancestors of plants primarily occupied aquatic habitats where the buoyancy effects of water counteract the effects of gravity. How did plants first acquire the ability to detect gravity and respond by growing either parallel to the gravity vector (e.g. acrocarpous mosses and trees) or perpendicular to it (e.g. thallose liverworts and grass rhizomes)? Can we expect that plant bodies would evolve in the same or different ways on planets having lower or higher gravitational fields than Earth?
Comparisons of animal genomes with that of the flowering plant Arabidopsis suggest that developmental genes and processes evolved independently in animals and plants (Meyerowitz, 2002) . This corresponds with phylogenetic evidence that multicellularity arose independently in plants and animals; each group descended from separate unicellular ancestors. Phylogenetic data also reveal that bryophytes are the earliest diverging modern group of embryophytes and charophycean green algae are the closest extant relatives of land plants. Modern charophyceans and bryophytes (linked by robust phylogenetic evidence to the ancestry of today's vascular plants) exhibit simpler forms of apicalbasal and radial symmetry, growth polarity, and gravity responses, as well as less complex gene family patterns than are present in higher plants. Thus, comparative molecular, biochemical, and cellular studies should illuminate stages in the evolution of higher plant body symmetry and gravity responses.
What factors influence plant body symmetry? Factors that are known to influence development of symmetry and growth polarity in vascular plants include gravity responses, polar auxin transport, regulated cell division sites and rates, transcriptional regulators such as homeobox and MADS box genes, asymmetric cell divisions, plasmodesmata (which serve as transmission routes for some types of cell-cell developmental communication), cytokinesis and cell wall orientation patterns. Even so, "The mechanism of axis specification which established the fundamental symmetry (in plants) remains poorly understood" (Hudson, 2000) . How can we find answers?
Trait-Mapping. One useful approach is mapping body symmetry and related traits onto phylogenies of early diverging plants and their close algal relatives. Such an exercise reveals the order in which plants acquired cellular and molecular traits related to body plan. The order of trait acquisition suggests how early developmental networks may have become modified over time. It suggests strategies for assessing evolutionary change in regulatory elements, one of the most important components of morphological evolution (Carroll, 2001) . Comparative cell biological studies and molecular analysis of gene family diversification within a phylogenetic context may lead to a greater understanding of the basis of plant symmetry and gravity responses.
The first requirement for an effective trait mapping exercise is a robust phylogeny.
Though some controversies remain, the order of taxa listed below reflects consensus views of relationships among early divergent streptophytes (the clade that includes both charophycean algae and embryophytes) based on molecular (Karol et al., 2001; Newton et al., 2000; Nickrent et al., 2000) and other data. The earliestdivergent streptophyte is a single-celled green flagellate, Mesostigma (Melkonian et al., 1995; Bhattacharya, et al., 1998) . Diverging next is the colonial Chlorokybus, then the filamentous Klebsormidiales (Klebsormidium and Entransia), followed by algae with more complex bodies: Coleochaetales (Coleochaete and Chaetosphaeridium) and Charales (Chara, Nitella, and several other genera). Images of these green algae and more information about them can be found in , Graham and Wilcox (2000) and Cook (2004b) .
Liverworts or hornworts are regarded as the earliest divergent embryophytes, followed by mosses-which form a monophyletic clade sister to vascular plants. Lycophytes are the earliest divergent extant vascular plants (Pryer et al., 2001) . Traits of these taxa that are related to plant body and symmetry evolution are listed below in the hypothesized order of their appearance.
Apical-basal polarity is present in the earliest divergent, wall-less (scaly), unicellular flagellate Mesostigma (Rogers et al., 1981) , and other charophyceans. Apical-basal polarity, defined in part by the point of flagellar emergence, is likely to be an ancient feature also characteristic of ancestral heterotrophic flagellates (whose closest modern representatives have not yet been identified).
A large central vacuole, as well as smaller vacuoles, characterize charophyceans. The large vacuole typical of many mature plant cells plays important roles in cell enlargement and support of the plant body via hydrostatic pressure. Plant-specific vacuolar tonoplast markers could be useful for elucidating the evolutionary history of plant vacuoles and their developmental roles.
A cellulose-rich cell wall appeared after divergence of Mesostigma, but prior to divergence of all other known modern streptophytes.
The geometry of cellulose synthase complexes located in the cell membranes of streptophytes differs strikingly from those of other eukaryotes having cellulose-containing walls (Tsekos, 1999) . This trait difference, together with absence of a cellulose-rich wall in Mesostigma suggests independent origin of the plant cell wall, known to play important roles in plant development.
A mucilaginous extracellular matrix characterizes the colonial genus Chlorokybus and later-diverging charophyceans, and mucilage is produced by many bryophytes as well as higher plants (root mucigel being one example). Zygnematalean extracellular mucilage harbors bacteria of diverse types (Fisher and Wilcox, 1996) , including some forms related to known microbial associates of plant roots (Fisher et al., 1998) . Higher plant root-associated microbes can influence plant structure (via NOD factors, for example), so it is possible, though as yet uninvestigated, that mucilage microbes also influence aspects of body form in early divergent streptophytes.
Cell wall phenolic compounds characterize at least some cell walls of some zygnemataleans, coleochaetaleans, and bryophytes. These compounds likely play various protective and structural roles analogous to those of lignins in vascular plants (Graham, et al., 2004) .
The earliest expression of radial or spiral body symmetry among charophyceans is unclear, though it certainly occurs in Zygnematales, for example, spiral stacking of cells in the filamentous body of Desmidium. Radial/spiral symmetry is well documented in Coleochaetales and Charales (Graham, 1996) and is characteristically reflected by arrangement of lateral organs at apical meristems of bryophytes (Renzaglia and Vaughn, 2000; Buck and Goffinet, 2000) and vascular plants.
Patterns of embryophyte meristematic cell division are proposed to have originated with non-apical radial/spiral branching patterns of late divergent charophyceans . Persistence of radial body symmetry throughout the plant lineage may reflect the maintenance of efficient cellular and molecular symmetry mechanisms that became established during the radiation of charophyceans and bryophytes. This could possibly explain the dramatic body symmetry contrast between plants and animals.
Polarized tip growth occurs in various zygnemataleans, where this developmental process is suggested to be linked to localized sites of calcium ion absorption associated with formation of cellular projections (Troxell and Scheffey, 1991) . Elongate hair cells of coleochaetaleans and charalean rhizoids (both illustrated in Graham and Wilcox, 2000) represent additional examples of polarized tip growth similar to that occurring in plant rhizoids, protonemata, root hairs, and pollen tubes. Charalean rhizoids and protonemata are known to be gravitationally responsive, though the extent to which underlying mechanisms resemble those present in bryophyte protonemata or plant roots is as yet unclear (Braun and Wasteneys, 1998) . Tips of charalean rhizoids and protonemata have similar ultrastructure that includes actin, spectrin, and barium sulfate statoliths. However, they appear to have two different mechanisms of responding to gravity, both of which involve calcium signaling (Braun and Wasteneys, 1998; Braun and Richter, 1999; Braun, 2001 Braun, , 2002 . Charalean internodal cells also show gravitational effects on cytoplasmic streaming; signaling to calcium ion channels has also been implicated in this process Staves 1997) , which resembles streaming in plant pollen tubes and stamen hairs. Calcium inhibits streaming in both Chara and plants. However, though myosins are involved in both pollen tube and Chara streaming, the myosins involved show differences in sliding velocities, antibodies to each other's heavy chains do not cross-react (though the utility of this approach has been questioned), and calcium regulation also differs (Shimmen, et al., 2000) . Streaming, manifested by chloroplast rotation in hair cells, also occurs in Coleochaete, and is likely to be related to polar tip growth of hairs.
The plant cytokinetic apparatus known as the phragmoplast (which first appears in an early form in some zygnemataleans) and plant-like plasmodesmata formed at cytokinesis are characteristic of at least some coleochaetaleans and charaleans (Cook, 2004a , Cook et al., 1997 and references cited therein). The origin of plasmodesmata in the plant lineage allowed symplastic cell-cell communication, which plays a large role in plant body development (reviewed in Clark, 2001) .
Asymmetric cell divisions also occur in Coleochaetales and Charales (illustrated in Graham and Wilcox, 2000) , as in higher plants, where they contribute to localization of meristem determinants (Mayer et al., 1998) . Phragmoplasts, plasmodesmata, and asymmetric cell divisions are coupled with polar growth of branched organisms (Coleochaetales and Charales). These traits were likely preadaptive to tissue formation in embryophytes (Cook and Graham, 1999) . Polar growth of many Coleochaete species occurs perpendicular to the gravity vector, but others grow both parallel and perpendicular to it. Charales typically grow parallel to the vector of Earth's gravitational field. Increased light availability in their aquatic habitats was most likely the operative selective force favoring upward axial growth. However, molecular and cellular innovations underlying axial development in ancient charophyceans might have been preadaptive to the evolution of gravity responsiveness in shoots of terrestrial descendents. Diverse unicellular flagellates have simple gravisensing mechanisms (reviewed in Hemmerbach et al., 1999) that may have been inherited by charophyceans. Furthermore, morphologically complex charophyceans (Coleochaetaleans and Charaleans) that inhabit shallow waters subject to periodic desiccation may have evolved to survive occasional exposure to the full effects of gravity. Plants likely have multiple mechanisms of graviperception, including sedimentation of starch filled amyloplasts and sensing of the mass of the whole protoplast by sensors at the cytoskeleton-cell wall interface (reviewed by Kiss, 2000; Hemmersbach et al., 1999; and Ranjeva et al., 1999) .
Coleochaete and Chara also exhibit cuticle-like surface materials that structurally resemble cuticles of bryophytes and are possibly related to the polyester portion (cutin) of plant cuticles ). An intact cutin layer is necessary for normal differentiation of the plant epidermis and organs, preventing them from fusing or deforming during development (Sieber et al., 2000) . The above-described traits, having apparently arisen in aquatic organisms relatively free of gravity influences, all else being suitable, would be expected to evolve under other gravity conditions consistent with the existence of eukaryotic life as we know it. However, the following traits are characteristic of terrestrial plants that have been subject to the selective influences of Earth's gravitational field, and thus might evolve differently on planets having different gravitational conditions.
Bryophytes and other embryophytes are unique among streptophytes in having multicellular sporophytes with apical-basal polarity and histogenetic apical meristems showing rotational symmetry. Preprophase microtubule bands have also been found in all embryophytes, but not in charophyceans, and thus also likely first appeared after divergence of charophyceans.
Mosses and hornworts, together with vascular plants, appear to be distinct in their capacity for auxin regulation by conjugation-hydrolysis. In contrast, auxin regulation in charophyceans and liverworts occurs by degradation and synthesis, which is presumed to be ancestral and less efficient (Sztein et al., 1995; . Auxin plays a large role in determining the radial position of lateral plant organs (Reinhardt et al., 2000) , and in gravitational responses (Berleth and Sachs, 2001; Blancaflor, 2002; Perbal and Driss-Ecole, 2003) . Thus, auxin regulation by conjugation-hydrolysis may explain some aspects of body structure that distinguish vascular plants from early divergent streptophytes. Transcriptional regulators, Class I and II KNOX-like homologs, have been identified in a moss (Champagne and Ashton, 2001) . Branched, independent sporophytes appeared after divergence of bryophytes (including mosses); their earliest appearance among extant lineages is in lycophytes. Sporophytes and their branching patterns are major aspects of modern vascular plant bodies upon which selection has operated to influence diversification of plant architecture (Niklas, 2000; Sussex and Kerk, 2001 ).
Areas for further exploration.
The anatomy of certain charophyceans lends itself to immunolocalization, microinjection, insertion of microelectrodes, and other cell-level procedures. For example, the one cell thick bodies of Coleochaete orbicularis, which can be grown attached to glass or other transparent materials, have been a particularly good model system for analysis of phragmoplast evolution (Cook, 2004a) .
The enormous internodal cells of charalean algae have proven extremely useful in electrophysiological investigations of ion transport and vacuolar function.
Localization of proteins known to be involved in body form, symmetry establishment, and gravity responses of flowering plants should be attempted in lower streptophytes. For example, there is evidence that G proteins regulate calcium channels in moss cell membranes (Schumaker and Gizinski 1996) ; similar studies may be usefully done in other bryophytes and charophyceans. Higher plants seem to have a distinct Rop GTPase that may be involved in control of polarity by regulating the formation of asymmetric calcium gradients, such as at tips of root hairs and pollen tubes (Fu and Yang, 2001) . Could similar proteins be responsible for polar growth in bryophytes and charophytes? Maize TAN1 is a highly basic protein that localizes to preprophase bands and spindles (where it is required for longitudinal division) . Do homologs occur in bryophytes and charophyceans? TAN1 has domain relationships with mammalian APC (adenomatous polyposis coli) tumor suppressor protein and yeast Kar9, both important in establishing mitotic spindle position within dividing cells (Pellman, 2001) . Such homologies suggest that proteins related to TAN1 may have existed prior to the separation of metazoan + fungal lineages from streptophyes. Further study of possible TAN1 homologs in lower streptophytes could shed light on the evolutionary origin of preprophase division polarity determinants in plants. Early divergent streptophytes could also provide good systems for identifying plant calcium channels, which are as yet incompletely defined (Mäser et al., 2001) .
MIKC MADS box homologs are reported for the moss Physcomitella patens (Henschel, et al., 2002) . This finding raises a number of interesting questions.Do such genes also occur in earlier divergent bryophytes and charophyceans? Do moss Class 1 KNOX-like proteins help maintain shoot apical meristematic cells in an undifferentiated state? Does moss "leaf" development depend on exclusion of KNOX-like proteins from founder cells? Do KNOX-like proteins occur in earlier divergent bryophytes and charophyceans? Do homologs to Arabidopsis ARG1 (altered response to gravity) or similar proteins (Guan, et al., 2003) occur in charophyceans and early divergent bryophytes? All of these are compelling questions related to the evolution of plant body development and gravity responses whose answers will require more intensive molecular analysis of early divergent streptophytes.
Charophyceans and bryophytes are appealing molecular systems because their simpler genetic structure (haploidy and fewer gene family members) suggests that genetic redundancy may be lower than is the case for later diverging streptophytes. Gene targeting (also known as reverse genetics, homologous recombination, or gene "knock out" technology) is more easily accomplished in moss than higher plants (Schaefer, 2001) . Gene trapping technology has also been developed for moss (Nishiyama et al., 2000) . BAC libraries under construction (Green Plant BAC Library Project http://www.genome.arizona.edu/ BAC_special_projects/#GREEN) offer potential alternative solutions, as do genomic and cDNA libraries and EST (Rensing, et al., 2002) collections available for the moss Physcomitrella patens (http://www.ncbi.nlm.nih.gov/ UniGene/ddd/cgi?ORG=Ppa). Moss and liverwort genomic microarrays would also be very useful in understanding the molecular basis of body differences and gravity responses among early divergent streptophytes.
